. All four platinum complexes were characterized by multinuclear NMR spectroscopy, IR spectroscopy, electrospray ionization mass spectrometry, and elemental analysis. In addition, compounds 1 and 3 were structurally characterized by X-ray crystallography. The photophysical properties of the compounds bearing the fluorescent dansyl moiety, 2 and 4, were evaluated. The emission quantum yields of 2 and 4 in DMF are 27% and 1.6%, respectively. This large difference in emission efficiency indicates that the platinum(IV) center in 4 is more effective at quenching the dansyl-based fluorescence than the platinum(II) center in 2. Time-dependent density functional theory calculations indicate that 4 has several low-lying singlet excited states that energetically lie below the primary radiation-accessible excited state of the dansyl fluorophore. These lowenergy excited states may offer non-radiative decay pathways that lower the overall emission quantum yield. Treatment of 4 with biologically relevant reducing agents in pH 7.4 phosphatebuffered saline induces a 6.3-fold increase in emission intensity. These results demonstrate that 4 and future derivatives thereof may be useful for imaging the reduction of platinum(IV) complexes in living systems, chemistry of importance for future platinum-based anticancer drug strategies.
Introduction
Platinum-based drugs are effective agents for a number of different cancers [1, 2] . Doselimiting toxic side effects and acquired resistance, however, limit the broader applicability of this class of compounds. The search for new platinum anticancer agents with fewer such drawbacks is an active area of research [3, 4] . Among the new classes of platinum compounds explored, octahedral platinum complexes in the +4 oxidation state show considerable promise.
Platinum(IV) anticancer complexes have several advantages over first-and second-generation square-planar platinum(II) analogues [5] [6] [7] . The additional two ligand-binding sites enable synthetic modification and fine tuning of the pharmacokinetic parameters. Compared to platinum(II) complexes, however, the mechanism of action of platinum(IV) complexes is less well understood. In most cases, these complexes are best reduced first by two electrons to form square-planar platinum(II) complexes in a process that facilitates binding to proteins, DNA, or other cellular targets [8] . Still, questions remain about this reductive activation step. It is not clear as to how quickly, by what means, and where such reduction occurs in living systems. Xray fluorescence and absorption spectroscopy [9] [10] [11] has been used to address these questions.
These methodologies, however, are not applicable to live cells and generally require synchrotron radiation.
Optical fluorescence microscopy for imaging analytes and processes in living systems is well established [12] . This method has been used to study the cellular localization and uptake of platinum-fluorophore conjugates, which were designed as models for related platinum anticancer drugs [13] [14] [15] . Although fluorescence microscopy, unlike X-ray techniques, cannot directly provide information about the oxidation state of metal ions, it is possible to apply ligand systems in which the fluorescence intensity is modulated depending on the oxidation state of the coordinated metal [16, 17] . Such a system involving the Pt(IV)/Pt(II) redox couple has recently been described [18] , in which analogous platinum(II) and platinum(IV) complexes were coordinated to fluorescent coumarin ligands by means of an aniline functional group on the dye.
The authors reported a 7-fold greater emission intensity for the platinum(II) compared to the platinum(IV) complex in DMF solution. Furthermore, confocal fluorescence microscopic imaging analyses revealed strong localization of the complexes in the cytosol and lysosomes.
The free coumarin ligands exhibited cellular localization similar to that of the complexes, thus raising the possibility that the coumarin ligands are displaced from platinum in the cell. Similar systems with strongly coordinated bidentate ligands may be able to provide information about platinum(IV) reduction in live cells.
In the present article we describe our work to design a platinum-fluorophore conjugate that can be used to monitor platinum(IV) reduction in living systems by an emissive turn-on response. We present the synthesis and characterization of the dansyl fluorophore-bearing platinum(II) and platinum(IV) complexes, 2 and 4, as well as non-fluorescent analogues 1 and 3 (Scheme 1). Photophysical studies of 2 and 4 indicate the platinum(IV) complex to have a significantly lower emission quantum yield than the platinum(II) complex; upon reduction of 4, a 6.3-fold emission turn-on response is observed in aqueous buffer. Additionally, computational studies are reported that rationalize the increased fluorescence quenching of 4.
Scheme 1 2. Experimental Section

General Considerations
All reactions were carried out under normal atmospheric conditions. Solvents were used as received without additional drying or purification. The compounds, [Pt(edma)Cl 2 ] (edma = ethylenediaminemonoacetic acid) [19] , dansyl ethylenediamine (Ds-en) [20] , and iodobenzene dichloride [21] , were synthesized as previously described. Benzylamine and carbonyldiimidazole (CDI) were purchased from Sigma Aldrich and used as received.
Physical Measurements
NMR spectra were recorded on a Bruker DPX-400 spectrometer in the MIT Department 
Synthesis of [Pt(edDs)Cl 4 ] (4)
A solution of iodobenzene dichloride (0.107 g, 0.390 mmol) in 2 mL of DMF was added dropwise to a solution of [Pt(edDs) 
Theoretical Calculations
Density functional theory (DFT) calculations were performed with the Gaussian 03 (Rev.D01) software package [23] . All calculations were carried out using the B3LYP functional [24, 25] . The LANL2DZ basis set and effective core potential [26] was used for the Pt atom and the 6-31++G(d,p) basis set [27] was used for all other atoms. Geometries of 2 and 4 were optimized in the gas phase and established as local minima by frequency calculations, which revealed no imaginary values. The conductor-like polarizable continuum model (CPCM) [28] was applied for subsequent molecular orbital and time-dependent DFT (TDDFT) calculations to simulate solvation of the compounds in water. The TDDFT calculations were used to determine the natures, energies, and oscillator strengths of the 50 lowest energy singlet excited states.
Relevant Kohn-Sham molecular orbitals, the XYZ-coordinates of optimized structures, and a summary the lowest energy (< 4.09 eV, > 303 nm) singlet excited states are provided in the Supplementary Data (Figs. S23 and S24, Tables S1-S4).
X-ray Crystallographic Studies
Single crystals of 1·DMF and 3·DMF were grown by vapor diffusion of diethyl ether into by the APEX2 software package [29] . Absorption corrections were applied using SADABS [30] .
The structures were solved using direct methods and refined on F 2 with the SHELXTL-97 software package [31, 32] . Structures were checked for higher symmetry using PLATON [33] .
All non-hydrogen atoms were located and refined anisotropically. Hydrogen atoms were placed in idealized locations and given isotropic thermal parameters equivalent to either 1.5 (terminal CH 3 or NH 3 hydrogen atoms) or 1.2 times the thermal parameter of the atom to which they were attached. The highest residual electron density peaks and holes after complete refinement were located less than 1.33 Å from the platinum atom in the structures of both 1 and 3.
Crystallographic data collection and refinement parameters are shown in Table 1 . 
where n is the number of data and p is the number of refined parameters.
Results and Discussion
Synthesis and Characterization
The platinum(II) complexes, [34, 35] . Similar platinum(II) and platinum(IV) complexes bearing ethylenediamine-N,N'-diester ligands have been reported previously [36] . In these cases, however, the esterified ligands were prepared prior to metallation. For a series of platinum(II) peptide conjugates that were synthesized on a solid-phase support, it was necessary to protect the platinum-chelating unit during the synthesis of the peptide fragment [37, 38] . The advantage of performing the coupling reaction directly on the coordinated ligand, as demonstrated here, is that it eliminates the need for protecting groups during organic or peptide synthesis. We envision that this synthetic approach will be general and provide access to a range of interesting functionalized platinum(II) complexes.
Scheme 2
Clean oxidation of 1 and 2 to their Pt(IV) derivatives was accomplished with the hypervalent iodine reagent, iodobenzene dichloride (Scheme 3). By multinuclear NMR spectroscopy, we determined that only the tetrachloroplatinum(IV) complexes 3 and 4 were formed. The use of hydrogen peroxide as the oxidant in either water or acetic acid gave rise to a mixture of at least three different platinum(IV) compounds, as revealed by 195 Pt NMR spectroscopy. Alternative hypervalent iodine reagents, PhI(OAc) 2 , PhI(OH)(OTs), and 2,6-dimethyliodosylbenzene, failed to oxidize 1 and 2 under similar conditions.
Scheme 3
Characterization of the platinum complexes was carried out by conventional Ellipsoids are drawn at 50% probability levels.
Fig. 3. ORTEP diagram of 3.
Ellipsoids are drawn at the 50% probability level. The structure of 3 is shown in Figure 3 , and relevant bond distances and angles are reported in Table 3 . As observed in the crystal structure of 1, a molecule of DMF is present and forms a hydrogen bond with the proton of the amide group (O DMF ···N amide· = 2.81 Å). The coordination geometry of 3 is octahedral, as expected for a platinum(IV) complex. The Pt-Cl bond distances are close to 2.3 Å at both the axial and the equatorial sites.
Electrochemistry
The cyclic voltammograms of the two platinum(IV) complexes, 3 and 4, were recorded in 
Photophysical Properties
The absorption and emission properties of the fluorescent compounds 2, 4, and Ds-en were measured in both DMF and phosphate-buffered saline (PBS) at pH = 7.4. The results are summarized in Table 4 . In DMF, the absorption and emission maxima of the three compounds are nearly identical. This result is expected because the optical properties of both compounds are dominated by relatively intense π-π* transitions of the dansyl fluorophore. In moving from DMF to water, the absorption maxima of the three compounds are blue-shifted by 10 nm, and the emission maxima are red-shifted by approximately 40 nm. As seen in Table 4 , the emission quantum yields depend on both the presence of the platinum center and its oxidation state, as well as the solvent. In DMF, the platinum(II) center of 2 slightly quenches the emission, with the quantum yield dropping to 27% from the 40% value measured for free Ds-en. The relatively high quantum yield of 27% is in contrast to prior results from our laboratory in which the presence of a platinum(II) center lowered the quantum yield of a dansylated ligand by a factor of 15 [45] . In the previous system, however, the dansyl fluorophore was positioned much more closely to the platinum(II) center. Quenching of dansyl fluorescence by platinum(II) through the heavy-atom effect thus depends on the spatial separation between the two moieties [46] . The higher quantum yield of 2 most likely derives from the long distance of the dansyl fluorophore from the platinum(II) center. The emission quantum yield of the platinum(IV) complex, 4, in DMF is only 1.6%, significantly less than that of 2. This result indicates 4 to be a good candidate for displaying the desired fluorescence turn-on response upon reduction to Pt(II). In moving from DMF to PBS, significant fluorescence quenching occurs for all three compounds. The quantum yields of Ds-en and 2 drop to values of 3.2 and 3.3%, respectively.
This result is expected because the emission of the dansyl fluorophore depends strongly on solvent polarity [47] . Importantly, the increased quenching effect of the platinum(IV) compound, 4, carries over to the aqueous environment where the 0.27% quantum yield for emission is still much lower than that of 2. In water, 4 will therefore elicit a fluorescence turn-on response when reduced to platinum(II), as described below.
DFT Calculations
Time transition. Of these 15, the first and second lowest energy excited states can be described as π (dansyl)  σ* (platinum) charge-separated states. As shown on the right side of Fig. 5 by the black downward arrows, these excited states provide plausible non-radiative decay pathways that can be rationalized based on molecular orbital energies alone. These competing non-radiative pathways lower the overall quantum yield for emission of 4, relative to that of 2. The turn-on response upon reduction affords a 6.3-fold increase in integrated emission intensity.
Response to Reducing Agents
Control experiments were carried out in which 4 was treated with the non-reducing amino acid glycine, and the platinum(II) complex, 2, was similarly treated with glycine as well as the three biological reducing agents. The emission of 2 did not change upon introduction of any of the four compounds, as anticipated. When 4 was treated with glycine, a 1.2-fold increase in emission was observed after several scans and minutes. In an additional control experiment, 4 alone in buffer showed a similar emission increase after several scans in the fluorimeter. This small but noticeable emission increase most likely arises from photoreduction of 4 in the fluorimeter. Such photoreduction of the metal center is consistent with the proposed fluorescence quenching mechanism by which non-radiative relaxation occurs through the population of metal-based orbitals.
Summary and Conclusions
Dansyl-bearing fluorescent platinum(II) and platinum(IV) complexes have been 
